Abstract
The excitations of the various degrees of freedom during a central nucleusnucleus collision evolve towards thermal equilibrium at different rates. For incident velocities exceeding the Fermi velocity, collective motions clearly do not become thermalized, but remain significant, providing insight into the reaction dynamics and the underlying nuclear equation of state [1, 2] . In contrast, particle emission and fragmentation appear to be thermalized in many respects, providing support for statistical interpretations that invoke complete chemical equilibrium of a "participant" source created by the overlap of projectile and target nucleons [3, 4] . Such interpretations appear to be inconsistent with transport theoretical interpretations of collisions at relative velocities that exceed the Fermi velocity, in which significant fractions of the projectile and target nucleons diffuse through each other without stopping and equilibrating [5, 6] .
These studies have stimulated further investigations on how different degrees of freedom (thermal, mechanical, chemical) evolve during the collision and possibly achieve their freeze-out values at different times. In particular, the neutron/proton and N/Z-asymmetry of fragments have been recognized as one of the most quickly evolving degrees of freedom since the early studies of heavy-ion collisions at low and intermediate energies [7] [8] [9] [10] [11] [12] [13] . The hierarchical nature of heavy-ion collision dynamics suggests that the study of attainment of N/Z equilibrium may set important constraints on the assumption of global equilibrium commonly taken for granted in statistical theories of nuclear multifragmentation.
The study of N/Z diffusion and equilibration in heavy-ion collisions has recently received intense interests due to its links to transport properties of asymmetric nuclear matter [14] [15] [16] [17] . When two nuclei with different N/Z asymmetries come into contact, diffusion of neutrons and protons is initiated and continues until the system disintegrates or until the chemical potentials for neutrons and protons in both nuclei become equal [18] . The rate of diffusion is influenced by the initial densities of neutrons and protons in the emitting nuclei, the neutron and proton mean free paths, and the mean field potentials, to which the symmetry energy contributes [14, 17, [18] [19] [20] [21] .
The number of diffused neutrons or protons is also sensitive to the total contact time.
At low bombarding energies (E/A<20 MeV), characterized by relatively long interaction times between projectile and target, mid-peripheral reactions are dominated by deep inelastic collisions (DIC) processes where the diffusion of nucleons leads to an equilibration of the N/Z asymmetry over very short times scales [7, [10] [11] [12] [13] . Microscopic calculations [12] have shown that already at low energies the attainment of isospin equilibration is driven by the strength of the symmetry potential due to the isovector term of the nucleon-nucleon interaction [12] . When the energy is increased around the Fermi energy domain, the time scale for fragmentation decay becomes comparable to or shorter than the time scales characterizing the attainment of isospin equilibration. Mirror nucleus yield ratios of 7 MeV showed a transition from a complete N/Z equilibration of the system (at E/A=33
MeV) to a non-equilibration (at E/A=45 MeV) where the reaction time is shorter and a strong memory of the N/Z in the initial interacting projectile and target is observed [22] in the decay channel. However this result is in contradiction to more recent observation that complete stopping is not achieved at E/A=30 MeV [23] .
Stimulated by these results, we use isospin tracing observables to probe the isospin In this work we extend the previous isospin diffusion studies to lower beam energy of E/A=35 MeV. Regardless the longer interaction times between quasi-projectile and quasi-target, as compared to the same reaction system studied at E/A=50 MeV, the impact parameter and rapidity dependence of isospin tracing ratios show that the isospin degree of freedom remains non equilibrated even in the most dissipative central collisions. A comparison of the experimental results to quantum molecular dynamics calculations [24, 25] confirms the previously determined constraints on the density dependence of the symmetry energy [17] . solid angle [26] . Impact parameter selection was provided by the charged particle multiplicity or the transverse energy of charged particles measured in the Chimera Array, both of which should decrease monotonically with impact parameter [27] . Under that assumption, one can define a reduced impact parameter based on the following relationship [27, 28] (given here for a selection based on multiplicity)
where P(N c ) is the probability distribution of the charge particle multiplicity N c corresponding to impact parameter, b. By setting selected experimental runs to Sn, respectively. The uncertainties here reflect uncertainties in the cross section for N c (b max )≥1 stemming from uncertainties in the current integration. We note that analyses, using impact parameters derived from the transverse energy, E t , or N c , yield results that are indistinguishable.
The planar Si detectors ( ≈300 µm) of the Chimera telescopes used in these analyses were calibrated to about 2% using precision pulsers and the punch-through energies of alpha particles. The CsI(Tl) crystals of the telescope were calibrated for specific isotopes to an accuracy < 5% from the corresponding energy losses of these isotopes in the Si detectors. Planar silicon detectors and pulse shape discrimination in the CsI(Tl) crystals allowed isotopic resolution for 7 Li, 7 Be and other fragments. The isospin 5 tracer technique of ref. [14, 29] probes N/Z stopping or transparency by rapidity dependence of an isospin transport ratio +1 and -1, for reactions i≡A+A and i≡B+B, respectively and in the limit of isospin equilibrium, R i =0. In the limit of complete transparency, the observable R i should be +1
and -1 for the mixed systems.
The 7 Li and 7 Be yields were selected by rapidity and the associated charged particle multiplicity. The multiplicity was used to define a reduced impact parameter for each event following Eq. 1. Gaussian weighted sums of these yields over impact parameter, 
with σ=0.4 fm, were used to obtain average values of the 7 To reduce statistical uncertainties and to explore the impact parameter dependence in greater precision, we compute the isospin diffusion ratios of Eq. 1 by combining the ratios obtained in rapidity regions placed symmetrically above and below the mid rapidity using the identities [23] . Since early works on the isospin degree of freedom in heavy-ion reactions, the neutron/proton N/Z-asymmetry was recognized as one of the most quickly evolving degrees of freedom [7] [8] [9] [10] [11] [12] [13] . Our findings about N/Z transparency in central collisions therefore suggest that even other degrees of freedom have not achieved their equilibrium values, with the consequence that the main assumptions taken for granted in statistical models of multifragmentation may not be satisfied. Microscopic transport models may therefore be more suited to study isospin diffusion and equilibration in heavy-ion collisions [12] .
To compare our observations to transport theories, we calculated isospin transport ratios for this reaction with the Improved Quantum Molecular Dynamics (ImQMD) transport model of ref. [24] . Detailed description of the model and its application to the neutron/proton double ratio data and to isospin diffusion data can be found in refs. [17, 25] . Consistent with ref. [17, 25] , we chose an Equation of State (EoS) with an isoscalar incompressibility of K=205 MeV and in-medium cross-sections that evolve to the free values at vanishing density [24] , and explored the sensitivity of the isospin transport ratio to the density dependence of the symmetry energy, choosing the form
In our study, the kinetic and potential parameters are C s,k =25 MeV, C s,p =35. In summary, we have studied the isospin equilibration in Sn+Sn collisions at incident energy of E/A=35 MeV using the isospin diffusion ratios constructed from the yields of 7 Li and 7 Be. The results, including the rapidity and impact parameter dependence of the isospin diffusion, agree with the transport model predictions based on the previously established symmetry energy constraints. Despite the longer reaction times, as compared to previous studies on the same system at E/A=50 MeV, we observe that complete equilibration is not achieved even for central collisions. Since the relaxation time of the isospin degree of freedom is expected to be very short, our results contradict the frequently used approximation that an equilibrated source is formed in the central collisions between heavy ions around Fermi energy. 
